Doped and undoped TiO 2 nanoparticles with narrow size distribution were deposited on stainless steel mesh substrates by metalorganic chemical vapor deposition. The chemical composition of TiO 2 nanoparticles was measured by energy dispersive x-ray spectroscopy and x-ray photoelectron spectroscopy. X-ray diffraction and transmission electron microscopy were performed to investigate the size and the size distribution of particles as well as the structural phase transitions. For pure TiO 2 , the results showed that anatase polycrystalline nanoparticles with average size from 23 to 31 nm were obtained for substrate temperatures between 350 and 600°C. Particles deposited below 350°C were x-ray amorphous and rutile began to precipitate at temperatures above 700°C. The particles synthesized at 600°C had the smallest size and narrowest size distribution. In order to study the dopant effects on the photocatalytic properties, growth temperature of 600°C was selected to prepare 1 at. % Nd 3ϩ doped TiO 2 nanoparticles. The results of photodegradation of the pollutant 2-chlorophenol solution irradiated under ultraviolet light showed that 1 at. % of Nd 3ϩ doped TiO 2 had an enhanced degradation of the pollutant. The enhancement of photocatalytic efficiency by doped nanoparticles was ascribed to the large surface area and trapping induced prolonged lifetime of holes.
I. INTRODUCTION
TiO 2 has been widely investigated for its promising applications in the field of catalysis. [1] [2] [3] [4] Numerous efforts have been focused on the improvement of its catalytic capability for the destruction of organic and inorganic pollutants that exist in air and aqueous systems. Within the fast growing area of photochemistry of nanosemiconductor materials, particularly in the last decade, TiO 2 nanoparticles became the focus of interest due to their unique photophysical and photocatalytic properties compared with that of the bulk. It is known that the number and the lifetime of charge carriers on the surface of the nanoparticles are crucial for initiating and maintaining the photocatalytic process. The number and lifetime of free electrons and holes are determined by the competition between recombination and trapping of carriers as well as that between trapped carriers and the interfacial charge transfer. 4 In addition to the large surface area for maximum contact between charge carriers and pollutant, TiO 2 nanoparticles with the appropriate size range can also make the interfacial transfer of charge carriers easier and further reduce the recombination rate and increase the lifetime. Outside of that size window, volume recombination and surface recombination occurs for larger particles and very fine particles, respectively. Based on the essential characteristics of nanostructured TiO 2 particles and theories of enhancement of photocatalytic performance, approaches including various selective surface treatments 4 -11 and doping methods 12, 13 have already been used to improve the trapping efficiency of charge carriers and, consequently, the efficiency of photodegradation. One of the keys to further exploring the potential of TiO 2 nanoparticles is the development of a synthesis process that can easily produce doped and undoped nanoparticles with the desired particle size and a relatively narrow particle size distribution.
This article describes the use of metalorganic chemical vapor deposition ͑MOCVD͒ with titanium tetraisopropoxide ͑TTIP͒ precursor to deposit pure TiO 2 and Nd 3ϩ doped nanoparticles on stainless steel mesh substrates at various growth temperatures. There are only few reports that describe the synthesis of TiO 2 nanoparticles by MOCVD with TTIP precursor.
14 -17 TTIP is not commonly utilized for the synthesis of doped TiO 2 . It is known that particle size and its distribution are mainly determined by growth temperature and TiO 2 deposition rate which, in turn, relies on the flow rate of the carrier gas and TTIP concentration in the carrier gas. The total TTIP concentration in the gas phase can be varied by varying the flow rate of the carrier gas, the liquid precursor temperature, and the system pressure. Therefore, the control of size distribution can be achieved by simply controlling the temperature of the substrates and the flow rate of the precursors. Different concentrations of Nd 3ϩ dopant are successfully incorporated into the particles by introducing a dopant precursor into the reactor through a solid source, separated from the liquid Ti precursor. The concentration of dopants in TiO 2 is determined by the evaporation a͒ Electronic mail: ismat@udel.edu rate of dopant precursor. The temperature profile of the reactor chamber is used and the Nd precursor is placed at a certain predetermined position of the reaction chamber to obtain desired Nd 3ϩ concentrations. In this experiment Nd 3ϩ doped and undoped TiO 2 polycrystalline anatase particles with narrow size distribution are synthesized on stainless steel mesh substrates. The reaction of TTIP with the available oxygen to form intermediates and condensation of these intermediates are two crucial stages during the nucleation and growth of TiO 2 nanoparticles. Their effect at various deposition temperatures on the ultimate size of the particles is discussed. The comparison of photodegradation rates of 2-chlorophenol aqueous solution with Nd 3ϩ doped and undoped particles is also presented.
II. EXPERIMENT
TiO 2 nanoparticles are synthesized in a MOCVD system. 18 It is a hot wall chemical vapor deposition system equipped with a bubbling chamber for liquid precursors. A 5 cm diam and 75 cm long horizontal stainless steel chamber is used as a reactor. A range of deposition temperatures, from 250 to 750°C, is selected to prepare pure TiO 2 particles and a temperature of 600°C is chosen for the preparation of Nd 3ϩ doped TiO 2 nanoparticles. The temperature profile of the reactor chamber for these deposition temperatures is shown in Fig. 1 . The reactor has a 20 cm uniform central section for each temperature setup. Outside of that uniform region, the temperature gradually decreases towards the ends of the reactor. The system is pumped down to a few Pascal by a mechanical pump to increase the volatility of the liquid precursor and to reduce the contaminations from the air. Multiple layers of 475 stainless steel mesh are used to form disks. The multiple layers are necessary to increase particle collection efficiency. The substrates are cleaned by acetone, methanol, and de-ionized water and placed in the uniform temperature region of the reactor to avoid any effects of temperature fluctuation. The substrates are placed perpendicular to the gas flow direction in the chamber. Prior to the deposition, the substrates are baked at 500°C for 15 min to remove any residual moisture. The temperature is then adjusted to the deposition temperature. After deposition, some TiO 2 particles are removed from the substrate into a methanol solution and dip coated on cleaned silicon wafer or quartz substrates for various physical characterizations.
Ti͓OCH(CH 3 ) 2 ͔ 4 ͑titanium tetraisopropoxide, TTIP, Aldrich 97%͒ is selected as the precursor for Ti. Its flash, melting and boiling points are 22.2, 18 -20, and 232°C, respectively. The liquid TTIP is placed in the Pyrex bubbling chamber and 99.999% Ar is used as the carrier gas. The precursor flow rate is adjusted by adjusting the bath temperature of TTIP and/or the flow rate of the Ar through the bubbling chamber. In addition to about 1.5-2 sccm Ar flow to help carry the precursor into the reactor, TTIP is heated to just below its boiling point, 220°C, to increase its volatility for higher deposition rates. The total pressure of the reactor chamber is raised to 2ϫ10
3 Pa s ͑15 Torr͒ by adding 20 sccm O 2 to the Ar and TTIP mixture in a baffle. The mixture is directly introduced into the reactor chamber for the TiO 2 formation. For doping, ͓CH 3 COCHCOCH 3 ͔ 3 Nd•xH 2 O ͑neodymium ͑III͒ acetylacetonate hydrate, Aldrich͒ in powder form is selected as the Nd 3ϩ ion dopant precursor. Its melting point is 143°C. The dopant precursor is placed in a clean Cu container, which is then directly placed at a predetermined position in the chamber for a desired doping level. Since the incorporation rate of the dopant is determined by the vapor pressure of the dopant precursor, dopant concentration as a function of precursor temperature or position in the reactor is measured for doping level control.
Compositions of all samples are determined by energy dispersive x-ray spectroscopy ͑EDS͒ and x-ray photoelectron spectroscopy ͑XPS͒. For EDS, a JEOL electron beam microprobe system is used, which is equipped with a windowless detector that allows the measurement of small amounts of dopant in samples. A SSI-M probe XPS employing Al K ␣ exciting radiation is used for the survey and high resolution scans. Ti 2p, Nd 4d, O 1s, and C 1s photoelectron peaks are recorded in the high-resolution mode. The area of Ti(2p 3/2 ), O(1s), and Nd(4d) peaks are used to measure the relative composition of the nanoparticles and to determine the valence states of Ti and the dopant. Structural characterizations of the doped and undoped TiO 2 samples are carried out by x-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒. XRD -2 scans are recorded using Cu K ␣ radiation in a Rigaku D-Max B diffractometer equipped with a graphite crystal monochromator. High resolution scans are also performed for particle size calculations. The particle size and size distribution are verified using a JEOL 2000FX TEM.
Photodegradation experiments are performed in a photocatalytic reactor system. This bench-scale system consists of a cylindrical Pyrex-glass cell with 12 cm inside diameter and 30 cm height and a reflective interior surface. For each photodegradation experiment 10 mg of deposited TiO 2 nanoparticles are readied by detaching them from the stainless steel substrates. A 100 W mercury lamp is placed in a clean quartz Figure 2 is a plot of XRD patterns from samples deposited at various temperatures showing the effect of substrate temperature on the crystalline nature of the undoped TiO 2 . These TiO 2 particles are prepared with a TTIP bubbler heated to 220°C, Ar carrier gas flow rate of 2 sccm, and O 2 reactant gas flow rate of 20 sccm. For the deposition temperatures of up to 250°C, x-ray data show no detectable peaks indicating that the particles are x-ray amorphous. As the deposition temperature increases above 250°C, the TiO 2 anatase phase starts to form and shows the characteristic ͑101͒, ͑004͒, ͑200͒, ͑105͒, and ͑211͒ peaks. Figure 2 shows that with the increase in temperature from 350 to 600°C, and the diffraction peaks broaden, indicating that the particle size is decreasing. At temperatures 700°C and above, rutile starts to precipitate and the diffraction peaks related to the anatase phase become narrower. By using Scherrer's formula, 19 the mean crystallite sizes for undoped particles are calculated as 34Ϯ3, 29Ϯ3, 27Ϯ3, and 30Ϯ3 nm for particles prepared at 350, 500, 600, and 700°C, respectively. We have also deposited Nd 3ϩ doped TiO 2 only at 600°C and in these samples no separate Nd related peaks are detectable by XRD. This suggests that most of the dopant ions are incorporated into the TiO 2 lattice either at substitutional or interstitial sites. Figure 3 shows TEM bright field images ͑left column͒, diffraction patterns ͑inset͒, and their respective size distributions ͑right column͒ for the undoped TiO 2 nanoparticles. All samples have anatase diffraction patterns except for the one deposited at 700°C. The particle size and distribution are statistically measured by using dark field images and a commercial data analysis package, Scion Image. 20 The particle size distribution histograms show that TiO 2 particles are relatively homogenous with a small distribution tail. The particle sizes of 31Ϯ3, 25Ϯ4, 23Ϯ3, and 26Ϯ3 nm are measured for particles synthesized at 350, 500, 600, and 700°C, respectively. These numbers are in agreement with the particle size measured by XRD. The size of Nd 3ϩ doped TiO 2 at 600°C is measured to be approximately 22 nm, which is similar to that of pure TiO 2 nanoparticles deposited at this temperature.
III. RESULTS AND DISCUSSION
Based on the results of TEM, the particle size as a function of the substrate temperature for pure TiO 2 is plotted in Fig. 4 . For all samples, the size variation with temperature is not large and the maximum size difference is limited to about 15 nm. The anatase to rutile phase transformation for pure TiO 2 occurs at a temperature of about 700°C. The anatase nanoparticle size decreases slightly with the increase of substrate temperature. Above the transition temperature, particle size increases with the appearance of the rutile phase. Because of the kinetic complexities during the formation of TiO 2 and different deposition conditions, the relation between the anatase growth rate and substrate temperature is different in this MOCVD process than the processes that involve a separate calcination step. [21] [22] [23] The MOCVD method used in this study is a one-step process involving simultaneous deposition and calcination. The size change of anatase particles in MOCVD can be due to a competition between the effects of substrate temperature related calcination and that of TTIP concentration and decomposition related deposition rate. If the substrate temperature related calcination is dominant during the growth of particles, particle size should thermodynamically become larger with the increase of temperature. This is applicable to the previous studies. 14, [21] [22] [23] If the effect of deposition rate dominates the process of particle nucleation and growth or condensation, smaller particles will be expected with increasing temperature due to increased nucleation density. This is the case for our deposition process. Based on previous experiments, 24 the mechanism of the formation of TiO 2 particles in the MOCVD system can be understood from the modified procedures below:
TTIP͑g͒ϩM͑g͒→Ia͑g͒, ͑I͒

Ia͑g͒ϩO 2 →Ib͑g͒ϩR͑g͒, ͑II͒
Ib͑g͒→Ic͑s͒, ͑III͒
Ic͑s͒→TiO 2 particles͑s͒. ͑IV͒
It is seen that, kinetically, there are four stages. ͑I͒ Introduction of mechanically mixed TTIP vapor and O 2 from a low temperature region. The TTIP vapor is activated by collisions with carrier gas M ͑Ar͒ and/or second TTIP molecule to form an intermediate Ia with higher activities. ͑II͒ Production of TiO 2 monomers Ib from the reaction of TTIP and O 2 in the higher temperature region. The other byproducts R including CO 2 and H 2 O are also produced. ͑III͒ Condensation of TiO 2 monomers Ib to form large clusters Ic by homogeneous nucleation in the gas phase based on the collision FIG. 3 . TEM bright field images ͑left column͒, diffraction patterns ͑inset͒, and particle size distribution histograms ͑right column͒ of pure TiO 2 deposited at: ͑A͒ 350°C, ͑B͒ 500°C, ͑C͒ 600°C, and ͑D͒ 700°C. mechanism between Ib and/or Ic. ͑IV͒ Formation of TiO 2 particles in the gas phase and on the substrates. An additional factor that affects the particle size as the temperature is increased is gas phase thermal expansion. The concentration of TTIP in the high temperature region of the reactor is reduced with the increase of growth temperature. This, in turn, causes the reduction of residence time of TTIP in the condensation region because the total gas flow is kept constant during the deposition process. TTIP with lower concentration and residence time can largely increase the mean free path of TiO 2 monomers and reduce the collision frequency, although with the increase of growth temperature, the decomposition rate of TTIP can also increase, 25 which increases TiO 2 monomer numbers. However, the growth of these nuclei is restricted due to the decreased amount of available TTIP. Similar results were also observed for the formation of TiO 2 from TiCl 4 .
26,27
The anatase particle size increases when the temperature is above the phase transition point. This could be attributed to the calcination effect. The grain size of the deposited multiphase particles continue to increase as the particles remain in the reactor for the entire deposition time. Moreover, according to the model proposed by Edelson and Glaeser, 28 the intra-agglomerate densification and grain growth rate occurs more rapidly than the interagglomerate densification. At relatively lower temperatures, the growth of the anatase phase is driven by interagglomerate densification due to the fact that no other phase is mixed with it. At higher temperatures, interagglomerate and intra-agglomerate densification growth models coexisted because of the formation of a rutile phase from the anatase matrix. A similar result was also reported by Porter et al. for the calcination of Degussa P25 at above 700°C. 21 More experiments are necessary to investigate the detailed mechanism of this process.
From the size distribution of particles as a function of growth temperatures, it is seen that pure TiO 2 nanoparticles deposited at 600°C have the smallest average particle size, 23 nm, and narrowest size distribution. These optimal experimental conditions are selected for the preparation of Nd 3ϩ doped samples. Figure 5 is the EDS result for 1 at. % Nd doped and undoped TiO 2 nanoparticles. In addition to peaks from Ti, Nd, and O, peaks from the silicon substrate and C contamination are also present. The concentration measurements of Ti, O, and Nd by EDS are consistent with those obtained by the XPS survey, within the experimental error. As mentioned above, there are no obvious size and structure differences from XRD and TEM for 1 at. % Nd doped and undoped samples. Figure 6 is the comparison of photodegradation rates for the doped and undoped samples. The destruction rate of 2-CP for Nd 3ϩ doped particles is much quicker than that for pure TiO 2 . For 90% of 2-CP destruction, the time is reduced from 65 min for pure TiO 2 nanoparticles to 25 min for 1 at. % Nd 3ϩ doped samples. According to the mechanism of photocatalysis, although 23 nm pure TiO 2 can provide a large surface area and a certain amount of selfelectron trappings at the Ti 4ϩ host sites, the Nd 3ϩ doped TiO 2 has better electron trapping efficiency which increases the number and lifetime of holes. Consequently, the photo- catalytic efficiency is enhanced for the 2-CP oxidation, which utilizes holes. The trapping efficiency is related to the positions of Nd 3ϩ ion in the TiO 2 lattice. It is crucial to find the actual positions of Nd to investigate the dopant effect. However, the positions of dopant ion are determined not only by the nature of ions but also by the synthesis method. For example, dopant ions may only be absorbed on the surface of particles during the initial hydrolysis step in the sol-gel method and then some of these ions can be incorporated into the substitutional or interstitial sites of TiO 2 or form a separate metal oxide phase during calcination. 3 The method related dopant position difference is one of the reasons why contradicting results for the same type of dopant ion even with the same concentration level were reported, such as the disagreement whether Cr 3ϩ dopant enhances or inhibits the photoreactivity of TiO 2 . [29] [30] [31] [32] Therefore, for the MOCVD method, further investigation of the positions or incorporation mechanism of Nd 3ϩ and other dopants is still an important issue for future studies.
IV. CONCLUSION
TiO 2 nanoparticles with small size distribution and low temperature dependence were successfully deposited on stainless steel mesh by MOCVD. The structure characterization was performed by XRD and TEM. For pure TiO 2 , below 250°C, only amorphous TiO 2 was obtained. Anatase to rutile phase transformation occurred at about 700°C. Pure anatase polycrystals with narrow size distribution and average size ranging from 23 to 31 nm were obtained in the temperature range 350-600°C. The particles deposited at 600°C were found to have the smallest size and narrowest size distribution. The growth of anatase particles was attributed to the competition between the effect of calcination and deposition rate. At low temperature, the effect of deposition rate dominated the anatase nucleation and growth process. The change of TTIP concentration and residence time in the chamber and the increased nucleation density decreased the size of anatase nanoparticles with the increase in substrate temperature between 350 and 600°C. At substrate temperatures above 600°C rutile started to form. Above the phase transition point, the growth process of anatase was dominated by the calcination effect from the substrate. The optimal substrate temperature, 600°C, was used for all the synthesis of Nd 3ϩ doped TiO 2 samples. The photodegradation experiment showed the enhanced catalytic efficiency for Nd 3ϩ doped nanoparticles. The correlation between charge carrier trapping efficiency and Nd 3ϩ position in the TiO 2 lattice needs to be further analyzed.
